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Members of the genus Shewanella translocate deca-
or undeca-heme cytochromes to the external cell
surface thus enabling respiration using extracellular
minerals and polynuclear Fe(III) chelates. The high
resolution structure of the first undeca-heme outer
membrane cytochrome, UndA, reveals a crossed
heme chain with four potential electron ingress/
egress sites arrangedwithin four domains. Sequence
and structural alignment of UndA and the deca-heme
MtrF reveals the extra heme of UndA is inserted
between MtrF hemes 6 and 7. The remaining UndA
hemes can be superposed over the heme chain of
the decaheme MtrF, suggesting that a ten heme
core is conserved between outer membrane cyto-
chromes. The UndA structure has also been crystal-
lographically resolved in complex with substrates,
an Fe(III)-nitrilotriacetate dimer or an Fe(III)-citrate
trimer. The structural resolution of these UndA-
Fe(III)-chelate complexes provides a rationale for
previous kinetic measurements on UndA and other
outer membrane cytochromes.
INTRODUCTION
Bacteria from the genus Shewanella can respire using extracel-
lular minerals and soluble iron chelates as terminal electron
acceptors. These respiratory processes influence the speciation
of essential transition metals such as iron and manganese, and
can be exploited in the engineering of microbial fuel cells. The
surfaces of mineral respiring Shewanella can contain different
solvent-exposed multiheme cytochromes that have been impli-
cated in the extracellular electron transfer to various soluble
and solid-phase electron acceptors (Lower et al., 2007, 2009).
Themost commonly studied are the three outer membrane cyto-
chromes (OMC) from Shewanella oneidensis, namely the deca-
heme cytochromesMtrC (Hartshorne et al., 2007), MtrF (McLean
et al., 2008), and OmcA (Ross et al., 2009; Xiong et al., 2006) thatStructure 20, 1are encoded by a metal reducing (mtr) gene cluster, mtrDEF-
omcA-mtrCAB.
Analysis of the metal reducing loci from multiple Shewanella
genomes revealed that other mineral-reductase clusters contain
the genes for a number of different OMC (Fredrickson et al.,
2008). In addition to MtrC, MtrF, and OmcA, genes encoding
the decaheme cytochromes MtrG and MtrH, and the 11-heme
cytochromes UndA and UndB, were also identified. This
comparative genomic analysis revealed that the 11-heme cyto-
chrome UndA substitutes for OmcA in a number of Shewanella
species (Fredrickson et al., 2008). A recent study into the
Shewanella community associated with near-shore sediments
from the Columbia River along the Hanford Reach (Washington,
USA) resulted in the isolation of 23 different Shewanella strains.
Out of seven strains tested, UndA was found to have substituted
for OmcA in four, demonstrating that these 11-heme OMCs are
widely dispersed throughout the Shewanella family (Shi et al.,
2011).
The complex formed by the gene products of the mtrCAB
cluster has been biochemically characterized. The MtrC cyto-
chrome is located on the surface of the outer membrane and
associates with the 28 b strand transmembrane porin MtrB (Be-
liaev and Saffarini, 1998). TheMtrB porin also associates with the
periplasmic decaheme cytochrome MtrA (Pitts et al., 2003),
forming a stable 20-heme transmembrane complex that facili-
tates electron transfer across the outer membrane from the
periplasm to the cell surface. MtrB functions as a sheath that
positions MtrC and MtrA in a configuration that allows direct
electron transfer between both cytochromes (Hartshorne et al.,
2009). A similar complex may be formed by MtrF, MtrD, and
MtrE, where MtrE is a 28 b strand transmembrane porin that
facilitates electron transfer between the periplasmic MtrD and
cell-surfaceMtrF across theoutermembrane (Clarkeet al., 2011).
The omcA gene lies between the mtrDEF and mtrCAB genes,
but is part of a separate operon. However, OmcA has been
shown to associate with the MtrCAB complex, suggesting that
it may accept electrons from MtrC, before transfer to terminal
extracellular electron acceptors (Ross et al., 2007; Shi et al.,
2006). It has therefore been proposed that OmcA has
a supportive role in reduction, including being involved with
binding of S. oneidensis to mineral oxides, as well as assisting
in electron transfer (Coursolle et al., 2010). As the undA gene is275–1284, July 3, 2012 ª2012 Elsevier Ltd All rights reserved 1275
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supportive reductive role to the MtrCAB complex.
A recent study showed that MtrC, OmcA, and MtrF have over-
lapping roles, but that MtrC is the predominant cytochrome
involved in mineral reduction (Coursolle and Gralnick, 2010).
These overlapping roles are rationalized through studies where
the rates of ferrous cytochrome oxidation after mixing with
substrate were used to obtain second-order rate constants
for the reduction of the soluble electron acceptors Fe(III)-
citrate, Fe(III)-nitrilotriacetate (Fe(III)-NTA), and Fe(III)-EDTA
(Ross et al., 2009; Wang et al., 2008). Under these conditions,
the addition of insoluble minerals such as goethite results in
a very low rate of cytochrome oxidation, leading to arguments
that these OMC do not directly interact with insoluble iron
oxides, instead relying on soluble electron shuttles such as flavin
mononucleotide (FMN) to mediate electron transfer (Ross et al.,
2009). Although the second order rate constants measured for
Fe(III)-chelate oxidation were physiologically relevant, the rate
of reduction of Fe(III)-citrate by MtrC or OmcA was significantly
slower than either Fe(III)-NTA or Fe(III)-EDTA. In addition, the
observed rates could also be biphasic, most notably for Fe(III)
citrate. UndA was capable of reducing Fe(III)-citrate or Fe(III)-
NTA at rates greater than or similar to MtrC or OmcA (Ross
et al., 2009; Shi et al., 2011), whereas reduction of Fe(III)-EDTA
occurred at rates greater than ten times that observed for either
OmcA or MtrC.
The observed rate constants can be affected by a number of
factors, including the interaction between Fe(III)-chelate and
cytochrome, the structure of the Fe(III)-chelate, as well as the
reorganization energy and differences in the electrochemical
potentials between the different hemes and electron donors.
Fe(III)-EDTA is the simplest, and forms a ferric ion-ligand
complex with a 1:1 stoichiometry, whereas Fe(III)-citrate and
Fe(II)-NTA form a range of higher order complexes depending
on concentration and Fe(III): chelate ratio. The most physiologi-
cally relevant of these chelates is citrate that is abundant in the
natural environment, NTA often occurs in sewage and contami-
nated waters, whereas EDTA is rarely found outside of an indus-
trial setting.
In contrast to the understanding of OMCoxidation kinetics, the
structures of OMC that form the interface between the cell
surface and extracellular terminal electron acceptor are poorly
characterized. The only published structure of an OMC is of
the MtrC paralog MtrF, which was resolved to 3.2 A˚. The MtrF
is comprised of four domains. Two b-barrel domains flank two
pentaheme domains that associate to form a heme chain con-
sisting of a total of ten bis-histidine coordinated c-type hemes
arranged in a ‘‘staggered cross’’ conformation that spans the
structure (Clarke et al., 2011). The b-barrel domains may either
form binding sites for soluble redox substrates, or provide
support to the overall decaheme structure. To date there is no
structure with substrate bound available for any OMC, and no
molecular structural detail for MtrA. A low resolution surface
map of OmcA obtained through small-angle X-ray scattering
suggested that OmcA has a flat ellipsoidal shape similar to
MtrF (Johs et al., 2010). There is often conservation of heme
packing motifs within different families, the arrangement of
hemes within the multiheme cytochromes NrfA, TvNIR, and
HAO are very highly conserved, despite existing in different1276 Structure 20, 1275–1284, July 3, 2012 ª2012 Elsevier Ltd All rigbacteria and having different functions. The staggered cross
motif of ten hemes in MtrF is significantly different from any
known multiheme cytochrome family (Sharma et al., 2010). The
branched heme wire of MtrF contains multiple potential electron
ingress/egress sites, suggesting a multitude of ways for elec-
trons to interact with MtrF (Clarke et al., 2011).
We present here the crystal structure of UndA isolated from
Shewanella sp. strain HRCR-6, which is, to our knowledge, the
first example of an 11-hemeOMC.We also present this structure
in complex with the Fe(III) chelates Fe(III)-citrate and Fe(III)-NTA.
This high resolution structure of an 11-heme OMC provides
evidence that both Fe(III)-citrate and Fe(III)-NTA bind at discrete
sites on UndA prior to reduction.
RESULTS
1.8 A˚ Crystal Structure of UndA
Crystals of UndA(HRCR-6) were prepared and diffraction data
collected as described in Experimental Procedures. An initial
model structure was built into an electron density map obtained
by single-wavelength anomalous dispersion (SAD), using phases
obtained from the anomalous iron signal to a resolution of 3.4 A˚.
This structure was then used as a model for molecular replace-
ment into data collected to a final resolution of 1.76 A˚. (Table 1).
The UndA structure contained 11 bis-histidine coordinated
c-type hemes and residues 44 to 843 of the polypeptide chain
(Figure S1 available online). Electron density that could be
attributed to two associated magnesium ions and one calcium
ion was also identified on the surface of the UndA structure.
The molecular structure of the UndA protein has overall
approximate dimensions of 90 3 70 3 50 A˚ and consists of
a single peptide chain folded into four domains (Figure 1A).
Domain I is a b-barrel domain containing a Cys165-Cys169 disul-
fide bond and an extended pair of b strands that reach across the
surface of the UndA structure; domain II is a pentaheme domain
containing five of the bis-His coordinated c-type hemes; domain
III is a second b-barrel domain containing a Cys599-Cys615 disul-
fide bond; domain IV is a hexaheme domain containing the
remaining six bis-His coordinated hemes. The four domains
are arranged in a similar conformation to MtrF, with domain IV
forming a contact with domains I and II (Figure 1A). The arrange-
ment of the four domains results in a pseudo 2-fold symmetry
axis between the two halves of UndA as indicated by the dashed
line on Figure 1A. Superposition of the a-carbon atoms of
domains I and II over domains III and IV gave an overall root-
mean-square deviation (rmsd) of 3.9 A˚ whereas alignment of
the amino acid sequences of the two UndA halves revealed
a similarity of 23% between domains I, II and III, IV (Figure S2).
An 11-heme staggered cross consisting of a 70 A˚ 8-heme
chain bisected by a 50 A˚ 5-heme chain is formed by pentaheme
domain II and hexaheme domain IV (Figure 1B). All the heme
porphyrin rings are within 6 A˚ of the nearest neighbor, allowing
for rapid electron transfer across all 11 hemes (Figure 1B). The
atoms of the UndA hemes can be superposed over the atoms
of the MtrF hemes with an average rmsd of 3.7 A˚ (Table 2),
revealing a core ten-heme staggered cross motif that is
conserved between MtrF and UndA (Figure 1C). This conserved
heme core also reveals that UndA heme 7 is the additional heme
in UndA. Structure based alignment of the amino acid sequenceshts reserved
Table 1. Data Collection and Refinement Statistics for SAD and Molecular Replacement Data
SAD Native Fe(III)-citrate Fe(III)-NTA
Data collection
Space group P212121 P212121 P212121 P212121
Cell dimensions
a, b, c (A˚) 69.28, 105.92, 150.05 69.64, 106.09, 151.65 69.88, 106.53, 151.12 69.50, 105.87, 151.52
A, b, g () 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00
Wavelength (A˚) 1.72 0.97 0.97 0.97
Resolution (A˚) 62.9–3.4 (3.5–3.4)a 46.1–1.76 (1.81–1.76) 61.63–2.23 (2.29–2.23) 69.5–2.10 (2.16–2.10)
Rsym (%) 6.5 (9.5) 9.4 (33.2) 5.7 (36.5) 7.8 (37.8)
I/sI 9.8 (7.1) 4.8 (2.2) 11.7 (2.0) 9.1 (1.9)
Completeness (%) 97.6 (96.8) 99.8 (99.3) 99.1 (98.1) 99.5 (99.3)
Redundancy 20.5(19) 3.9 (3.7) 3.6 (3.6) 4.4 (4.3)
Refinement
Resolution (A˚) 1.76 2.23 2.10
No. reflections 105,111 52,335 62,231
Rwork/Rfree 0.14/0.18 0.16/0.21 0.16/0.20
No. atoms
Protein 5,990 5,956 5,962
Ligand/ion 506 525 558
Water 1,318 828 996
B-factors
Protein 21.3 35.1 24.47
Ligand/ion 17.4 27.9 22.07
Water 22.4 41.0 34.20
Rmsd
Bond lengths (A˚) 0.016 0.017 0.016
See also Figure S1.
aValues in parentheses are for highest-resolution shell. Rmsd, root-mean-square deviation; SAD, single-wavelength anomalous dispersion.
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Structure of the Outer Membrane Cytochrome UndAof UndA and MtrF shows that UndA heme 7 is part of a 20
amino acid insertion between the distal histidine ligand and
CXXCH motif of heme 7 in the corresponding MtrF amino acid
sequence (Figure 2). The insertion of the oligopeptide containing
heme 7 causes minimal disruption to the overall UndA structure,
as hemes 6/8 of UndA and hemes 6/7 of MtrF and corresponding
distal histidine ligands are superposable (Figure 3A).
The only other significant difference in the conformation of the
other ten hemes is that of heme 5, where the propionates are
rotated 180 relative to that of MtrF and buried in the peptide
fold of domain 2. This causes heme 5 of UndA to be much less
exposed than MtrF heme, with relative solvent exposures of
161 A˚2 and 258 A˚2 for hemes 5 of UndA and MtrF, respectively
(Figure 3B).
Overall the heme propionate groups in MtrF are solvent-
exposed, giving a strong negative charge to one face of MtrF
(Clarke et al., 2011) (Figure 4A). However, in UndA the negatively
charged area is localized around heme 11 (Figure 4B). This is
caused by insertions of polypeptide in the amino acid sequence
of UndA that correspond to structural features that partially
shield the surface of domains II and III of UndA (Figure 4C) so
the average solvent accessibility of the UndA hemes is much
lower than of MtrF (Table 2). Hemes 7 and 8 in UndA are ar-
ranged so that the propionate groups form a negatively chargedStructure 20, 1pocket. This negative environment is compensated through
hydrogen bonding to Lys712, Arg716, Arg732, and Arg736, resulting
in an average overall positive charge on the surface of the pocket
(Figure S3). The edge of the heme 7 porphyrin ring is also the
most solvent accessible heme in the UndA structure with an
exposed surface area of 207 A˚2. The imidazole side chains of
the histidine ligands of bis-His coordinated heme-iron have
either near-parallel or near-perpendicular orientation relative to
each other, and most multi-heme cytochromes have a mixture
of both. MtrF has six parallel histidine ligands and four perpen-
dicular. In the pentaheme domain II of UndA, there are three
parallel and two perpendicular histidine ligand pairs, whereas
in the hexaheme domain IV all the histidine ligand pairs are
perpendicular.
The cysteines of the disulfide bridges in the b-barrel domains I
and III are mainly conserved in the sequences of the other OMC
expressed by the Shewanella family (Figure 2). These motifs
appear to stabilize short loop regions in the barrel domains for
each protein. The improved resolution of UndA allows observa-
tion of the Cys165-Cys169 in domain I, which is missing in the
MtrF structure due to poor resolution and disorder in this region.
The positions of the disulfide bonds in UndA cannot facilitate
electron transfer to the hemes (distance >16 A˚) so it is more likely
that these disulfides are involved in stabilizing the b-barrel fold.275–1284, July 3, 2012 ª2012 Elsevier Ltd All rights reserved 1277
Figure 1. Structure of UndA
(A) Ribbon representation of the UndA crystal structure
with the four domains colored (I) blue, (II) red, (III) purple,
(IV) orange. The two disulfide bonds are colored as yellow
spheres. The carbons atoms of the 11 c-type hemes are
displayed as yellow sticks with the iron atoms shown as
orange spheres. The pseudo 2-fold axis of symmetry of
UndA is indicated by the dashed line.
(B) Arrangement of heme cofactors within UndA with
distances between porphyrin rings shown. The hemes are
displayed as sticks with the Fe atoms displayed as
spheres and numbered according to the position of the
corresponding CXXCH motif in the peptide sequence.
(C) Overlay of MtrF (blue) and UndA (red) heme cofactors.
Hemes are numbered according to the position of the
corresponding CXXCH motif in the peptide sequence,
UndA heme numbers are in bold, MtrF heme numbers are
in italicized parentheses.
See also Figure S2.
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Putative UndA ligands were screened using crystals of UndA
soaked inmother liquor containing ligand. Putative UndA ligands
included the soluble Fe(III)-chelates Fe(III)-citrate, Fe(III)-NTA,
and Fe(III)-EDTA. Saturating concentrations of the proposed
electron shuttles flavin mononucleotide (FMN), riboflavin,
FADH, and menaquinone were also used. UndA electron density
maps were obtained for all conditions to final resolutions better
than 2.4 A˚, allowing for identification of ligands associated to
UndA. The structure of UndA soaked with Fe(III)-EDTA did not
contain additional electron density, suggesting that Fe(III)-
EDTA did not associate with UndA under these conditions. In
addition, no electron density was observed for any of the
proposed electron shuttles.
Fo-Fc electron density maps, obtained from crystals soaked
with Fe(III)-NTA for 10 min prior to harvesting, contained four
sites with a s-level over 8.5 that corresponded to two pairs of
Fe3+ ions (Figure S4). Electron density surrounding the two
Fe3+ ionswasmodeled as an oxo-bridgedNTA ligand pair, giving
two oxo-bridged Fe(III)-NTA dimers associated to UndA. The
oxo-bridged NTA is an experimentally established arrangement
for Fe(III)-NTA (Heath et al., 1992). One Fe(III)-NTA dimer is coor-
dinated on the surface of UndA by Glu659 but is too far from the
nearest heme to accept electrons (>16 A˚). This association is
therefore unlikely to be catalytically relevant (Figure 5A). The
second Fe-NTA dimer associates with UndA near heme 7
through hydrogen bonds between two NTA carboxyl groups.1278 Structure 20, 1275–1284, July 3, 2012 ª2012 Elsevier Ltd All rights reservedThe first NTA molecule binds to the guanidinium
group of Arg528, whereas the second binds to
backbone amide groups of Ser710 and Lys711
(Figure 5B). This association would allow rapid
electron transfer, with both Fe(III)-NTA iron
atoms within 6.2– 8.3 A˚ of the heme 7 porphyrin
ring (Figure 5D).
Fo-Fc maps, obtained from UndA crystals
soaked with 10 mM Fe(III)-citrate for 10 min,
prior to harvesting, contained three sites with
s-levels over 8.5. These sites were all within
3 A˚ of each other, indicating the presence ofa single tri-iron ligand (Figures 5C and S5). The electron density
surrounding these iron sites could be modeled to three citrate
molecules, indicating that a single Fe(III)3-citrate3 complex had
associated close to heme 7 of UndA (Figure 6B). This trimer
associates to UndA through hydrogen bonding between Arg528
and carboxy groups from a single citrate molecule. This brings
the three iron atoms of the Fe(III)-citrate trimer within 6.7–8.3 A˚
to the heme 7 porphyrin ring (Figure 5D).
The arrangement of the three irons and citrates is asymmetric,
with two iron atoms coordinated by two carboxyl and two
carbonyl groups from two citrates, and the third iron coordinated
by a carboxyl, carbonyl and water. An oxo-bridge between the
third and second iron completes the octahedral geometry of all
three irons. This arrangement resembles a combination of
previous models proposed for Fe(III)-citrate dimers and trimers
(Silva et al., 2009), suggesting that the Fe(III)-citrate trimer
assembles from a Fe(III)-citrate dimer (Figure 6).
DISCUSSION
TheUndA structure presented here was solved at sufficient reso-
lution to observe the binding of substrates to the polypeptide
surface. The 11-heme UndA represents the largest known
member of the Shewanella OMC family, whereas the previously
published decahemeMtrF structure represents the smallest. The
overall structural fold of UndA has significant homology to the
previously published structure of MtrF, despite a sequence
Table 2. Comparison of UndA and MtrF Hemes
Heme Number
(UndA/MtrF) Rmsdb (A˚)
Heme Area Exposed to Solventa
UndA (A˚2) MtrF (A˚2)
1/1 2.21 72.6 138
2/2 2.18 75.4 182
3/3 2.17 6.70 16.8
4/4 1.72 104 226
5/5 10.1 161 258
6/6 1.56 67.5 110
7 — 123 —
8/7 1.96 5.30 226
9/8 1.49 34.4 27.6
10/9 1.71 156 231
11/10 2.42 236 294
aThe solvent exposure of each heme was calculated using CCP4:
AREAIMOL18.
bHeme atoms of MtrF were superposed over the corresponding heme
atoms of UndA and overall rmsd calculated using CCP4: SUPERPOSE
(Bailey, 1994). Rmsd, root-mean-square deviation.
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Structure of the Outer Membrane Cytochrome UndAidentity of <24%, an additional 100 amino acids, and an extra
heme. The similarity in overall domain and heme arrangement
between UndA and MtrF structures suggests that all members
of this outer membrane cytochrome family share a similar struc-
ture of a four domain fold that consists of two multiheme
domains and two flanking b-barrel domains. Sequence align-
ments of MtrF and UndA with MtrC and OmcA support this
proposal, indicating two penta-heme regions separated by
regions that could fold into b-barrel structures containing
conserved disulfides (Figure 2). The presence of the conserved
cysteine pairs within the domains of MtrC and OmcA point
toward stabilization of b strand hairpins as observed in the struc-
tures of MtrF and UndA and suggests these cytochromes are
also likely to be composed of alternating b-barrel and multiheme
cytochrome domains.
As both MtrF and UndA possess pseudo 2-fold symmetry
between domains I,II and III,IV, we propose that MtrC and
OmcA will also form a similar structure with 2-fold symmetry
between the b-barrel and pentaheme domains. The conserva-
tion of this observed symmetry suggests that the Shewanella
OMC family evolved from a common pentaheme ancestor.
Gene duplication would have lead to the decameric structure
observed in MtrF and predicted for MtrC and OmcA, whereas
UndA would have evolved from this decameric family through
the insertion of heme 7 into domain IV. UndA would thus repre-
sent the youngest known member of the Shewanella OMC
family.
The ten heme staggered cross motif is conserved between
MtrF and UndA, and the insertion of heme 7 within UndA does
not affect the packing of hemes in this region. Heme 8, in partic-
ular, is completely conserved, with a mean least-squares value
similar to those for the other hemes, showing that the positioning
of heme 8 has not altered despite the addition of UndA heme 7.
The distal ligand to UndA heme 7 is provided by His709, whereas
in MtrF the corresponding residue is Ala505. This mutation signif-
icantly alters the arrangement of the surface loops in the twoStructure 20, 1regions of MtrF and UndA as the conformation of the loop con-
taining His709 is stabilized by the bonding between Heme 7
and His709.
The significant rotation in the orientation of heme 5 between
MtrF and UndA causes both the surface potential and heme
exposure to significantly change. This change in exposure will
significantly alter the properties of heme and could be due to
the difference between the role of MtrF/MtrC as the terminal
cytochromes of the MtrDEF/MtrCAB porin-cytochrome
complexes, and the UndA/OmcA as satellite cytochromes.
Thus MtrF heme 5 is exposed to allow interaction with MtrD,
whereas UndA is protected by the polypeptide chain. The
exposed MtrF heme 5 is likely to interact with insoluble metal
oxides and soluble metal chelates in a significantly different
way to the insulated UndA heme 5.
The outer membrane cytochromes of Shewanella are
proposed to transfer electrons to the surface of extracellular
electron acceptors, either through direct electron transfer, medi-
ation by electron shuttles or by transfer to extracellular ‘‘nano-
wire’’ appendages (Shi et al., 2012). These cytochromes are
known to be essential for effective electron transfer, but the
biochemical mechanisms involved are poorly understood. It
has never been determined whether outer membrane cyto-
chromes act through nonspecific interactions with electron
acceptors, or function as enzymes with localized areas for
substrate binding and reduction. UndA has been previously
shown to reduce both Fe(III)-citrate and Fe(III)-NTA with second
order rate constants of 0.07 and 0.8 mM1 s1 respectively (Shi
et al., 2011). The structural data presented here shows that
both Fe(III)-citrate trimer and Fe(III)-NTA dimer can associate
close to heme 7, implicating this as a site of Fe(III)-chelate
reduction.
Fe(III)-EDTA is known to be monomeric in solution, and was
not observed to associate with the crystals of UndA. However,
UndA reduces Fe(III)-EDTA with a measured second order rate
constant >12.3 mM1 s1, over 100 times faster than the
observed rates for Fe(III)-citrate and Fe(III)-NTA (Shi et al.,
2011). It is possible that the increased rate of UndA reduction
is due to a less stable complex formed between UndA and
Fe(III)-EDTA. Interestingly, the association of a single trimeric
Fe(III)-citrate molecule may explain the observed polyphasic
OMC oxidation, where Fe(III)3-(citrate)3 is reduced to Fe(II)3-
(citrate)3 via Fe(II)-Fe(III)2-(citrate)3 and Fe(II)2-Fe(III)-(citrate)3.
Fe(III)2-(NTA)2 would be reduced to Fe(II)2-(NTA)2 via Fe(III)-
Fe(II)-(NTA)2. The changes in conformation and redox potential
of Fe(III)-chelates as they are systematically reduced by single
electrons could account for the different phases during cyto-
chrome oxidation.
The association of both Fe(III)-citrate and Fe(III)-NTA to the
UndA surface near heme 7 suggests that reduction of soluble
Fe(III) chelates could occur through interactions at this site on
the protein surface, rather than through nonspecific reduction
from multiple hemes across the cytochrome. The majority of
heme containing active sites in other proteins such as NrfA or
HAO are buriedwithin the protein and are highly specific for small
molecular substrates, whereas the area around heme 7 is highly
solvent-exposed, making it unlikely to have specificity for indi-
vidual substrates. Comparisons of native and chelate-bound
structures of UndA reveal no significant difference in the position275–1284, July 3, 2012 ª2012 Elsevier Ltd All rights reserved 1279
Figure 2. Structure-Based Amino Acid
Alignment of Outer Membrane Cyto-
chromes
The structures of UndA from Shewanella sp.
HRCR-6 andMtrF from S. oneidensiswere aligned
using CCP4: SUPERPOSE to provide an amino
acid alignment based on structural similarity. The
sequences of MtrC and OmcA from S. oneidensis
were then added to this alignment using MUSCLE
(Edgar, 2004). Amino acids not observed in the
crystal structures of MtrF or UndA are shown in
light gray and the approximate amino acid regions
that comprise each of the four domains are shown
above the sequence. The CXXCH c-type cyto-
chrome binding motifs for each sequence are
highlighted in red with corresponding distal heme
ligands highlighted in blue. The hemes and distal
histidine from UndA (bold) or MtrF (italics in
parenthesis) are numbered according to the
position of the CXXCH motif in sequence and
shown above each motif. Cysteines that form di-
sulfide bonds in domains I and III are highlighted in
green. Amino acid residues observed to associate
with Fe(III)citrate or Fe(III)-NTA are highlighted in
purple.
Structure
Structure of the Outer Membrane Cytochrome UndA
1280 Structure 20, 1275–1284, July 3, 2012 ª2012 Elsevier Ltd All rights reserved
Figure 3. Comparison of UndA Heme 7 and
Heme 5 with the Corresponding Regions
of MtrF
(A) Stereo image of UndA hemes 6, 7, and 8
overlaid with the polypeptide backbone of MtrF.
The UndA peptide chain is shown in red with heme
6, 8 represented as white sticks. The extra UndA
heme 7 is in yellow with proximal and distal hemes
labeled. The MtrF polypeptide chain is shown in
blue and Ala505 carbons are shown as green
sticks.
(B) Comparison of the region around heme 4 and 5
of MtrF (left) and UndA (right). The polypeptide
chains of MtrF and UndA are displayed as ribbons
and colored blue and red, respectively.
Structure
Structure of the Outer Membrane Cytochrome UndAof side chains, and the B-factors of the polypeptide chain in this
region are consistent with those of surrounding residues. The
association of the soluble Fe(III)-chelates therefore appears to
be facilitated by the overall positive charge of the heme 7 envi-
ronment as opposed to an organized hydrogen bonding
network. This overall positively charged surface results from
the neutralization of the negatively charged propionate groups
of hemes 7 and 8 by the side chains of arginine and lysine resi-
dues. This contrasts with the hemes of MtrF, where the exposed
propionates generate a negatively charged surface over the
deca-heme cross. We therefore propose that the region around
heme 7 could be a rudimentary active site for association of
soluble organic redox partners, which would be consistent with
the UndA functioning as an enzyme with broad, but differential,
specificity to a variety of substrates, in contrast to a nonspecific
cathode on the cell surface.
EXPERIMENTAL PROCEDURES
Expression and Purification of UndA
The undA-encoding gene was amplified from Shewanella sp. Strain HRCR-6
and cloned into a pBAD202 (Invitrogen) plasmid. The undA gene was then
mutated as described in Shi et al. (2011). The acetylation site was removed
and UndA protein solubilized by mutating the DNA to give the plasmid
pLS195, a soluble UndA construct where the 30 amino acids at the N-terminal
were substituted with MSKKLLSVLFGASLAALALSPTAFAADQGG, and the
C-terminal contained an insertion of KGELKLEGKPIPNPLLGLDSTRTGHHH
HHH (Figure S1).
S. oneidensisMR-1 containing the pLS195 plasmidwas grown aerobically at
30C in Terrific Broth (TB) media containing 30 mgml-1 kanamycin. ExpressionStructure 20, 1275–1284, July 3, 2012 ªwas induced by addition of 1 mM Arabinose at the
mid-log phase of growth. Cells were grown over-
night, harvested by centrifugation, and lysed using
a French pressure cell. The crude extract was
centrifuged in an ultracentrifuge at 186,000 3 g
to remove membranes and cell debris. The super-
natant was loaded onto a 25 ml nickel charged Hi-
trap NTA column pre-equilibrated with 20 mM Tris
pH 7.8, 250 mM NaCl, 10 mM imidazole. The
column was washed using 20 mM Tris pH 7.8,
250 mM NaCl, 30 mM imidazole. Fractions con-
taining UndA were eluted in 20 mM Tris pH 7.8,
250 mM NaCl and a gradient of 30 to 100 mM
imidazole over a volume of 100 ml.
Heme containing fractions were dialyzed into
20 mM Tris pH 7.8, 50 mM NaCl, and loadedonto a 5 ml Q-Sepharose column pre-equilibrated with 20 mM Tris pH 7.8,
50 mM NaCl. The Q-Sepharose column was washed with 20 mM Tris pH
7.8, 100 mM NaCl and fractions were collected using a gradient of
100–200 mM NaCl over 50 ml. Eluted fractions were analyzed by SDS-PAGE
stained with Coomassie and UndA containing fractions were pooled and dia-
lyzed into 20 mM Tris pH 7.8, 50 mM NaCl.
The dialyzed UndA fractions were loaded onto a Mono-Q 5/50 GL column
equilibrated with 20 mM Tris pH 7.8, 50 mM NaCl. UndA was eluted with
a NaCl gradient of 50 to 500 mM over 25 ml. Eluted fractions were analyzed
using SDS-PAGE stained with Coomassie and UndA containing fractions
were pooled and concentrated to 250 ml using a centrifugal concentrator.
Finally the concentrated UndA was loaded onto an Superdex 200 10/300 GL
gel filtration column pre-equilibrated with 50 mM Tris pH 7.0, 100 mM NaCl.
Eluted fractions were analyzed using SDS-PAGE stained with Coomassie
and fractions containing a single band corresponding to UndA were pooled
and concentrated using a centrifugal concentrator to a final concentration of
8 mg ml1.
Crystallization and Data Collection
Crystals were obtained by vapor diffusion using either a 1:1 or 1:2 mixture of
8 mg/ml UndA in 50 mM HEPES pH 7.0 and a mother liquor comprising
0.1 MMES pH 6.5, 50 mMNaCl, 50 mMMgCl2, 15% PEG 5000, 20% glycerol.
Crystals were harvested into litholoops and flash-frozen in liquid nitrogen. Data
were collected on frozen crystals at 100 K on beamlines I-02, I-04, I-041, and
I-24 at the Diamond Light Source (UK). UndA crystals were of space group
P212121 with typical cell dimensions of a = 69.64 A˚, b = 106.09 A˚, and c =
151.65 A˚. A SAD data set was collected at a wavelength of 1.72 A˚ to a final
resolution of 3.4 A˚. Further data sets from single crystals were collected using
an X-ray wavelength of 0.97 A˚. Crystals were soaked in mother liquor contain-
ing 10 mM Fe(III)-citrate or 10 mM Fe(III)-nitrilotriacetic acid for 10 min before
harvesting. For the native data 25 mM 9,6 anthraquinone 2,6 disulfonate
was added to themother liquor as this was found to reduce nucleation, leading
to larger crystals. Data sets were processed using XIA2, or MOSFLM and2012 Elsevier Ltd All rights reserved 1281
Figure 4. Comparison of the Electrostatic Surface Potential of MtrF
and UndA
(A and B) The structures of UndA (A) and MtrF (B) were aligned using CCP4:
SUPERPOSE and represented as electrostatic surface maps using the same
scale and orientation. Maps were calculated using CCP4mg with potentials
scaled from0.5 V (red, negatively charged) to +0.5 (blue, positively charged).
(C) Surface representation of UndA with the polypeptide chain colored blue.
The nonconserved polypeptide inserts identified in Figure 2 are colored
orange.
See also Figure S3.
Structure
Structure of the Outer Membrane Cytochrome UndASCALA as part of the CCP4 package and statistics are provided in Table 1
(Bailey, 1994; Leslie, 1999).
Structure Determination and Refinement
The SAD data set was analyzed using SHELX (Sheldrick, 2008). After process-
ing using SHELXC and SHELXD a total of 11 iron atoms were identified in the
asymmetric unit. Subsequent phasing was performed to a final resolution of
3.4 A˚ using SHELXE. Electron density maps calculated using these phases
was sufficiently interpretable to manually place all 11 hemes, corresponding1282 Structure 20, 1275–1284, July 3, 2012 ª2012 Elsevier Ltd All righistidines and 70% of a polyalanine chain using COOT (Emsley and Cowtan,
2004).
Molecular replacement using PHASER (McCoy et al., 2007) was used to fit
this model to a high resolution data set. The autobuild program ARPWARP
(Morris et al., 2004) was then used to build residues 44–843 followed by alter-
nating rounds of manual building and refinement using PHENIX (Adams et al.,
2010) or REFMAC (Murshudov et al., 2011). Residues 1–44 and 854–874 were
not observed in the electron density and were omitted from the final model.
There were 22 residues (2.7%) in the generously allowed region and no resi-
dues in the disallowed region of the Ramachandran plot for the final UndA
model structure.
Crystals soaked in 10 mM Fe(III)-citrate, Fe(III)-NTA, or Fe(III)-EDTA dif-
fracted to resolutions of 2.17 A˚, 2.10 A˚, and 2.2 A˚, respectively. The native
UndA structure was used as model for molecular replacement and the
FO-FC maps for the Fe(III)-citrate- and Fe(III)-NTA-soaked crystals showed
unmodeled electron density corresponding to either trimeric Fe(III)-citrate or
dimeric Fe(III)-NTA. No differences were observed in maps obtained from
crystals soaked in Fe(III)-EDTA.
Fe(III) atoms and corresponding organic chelates were manually built into
the models and refined for Fe(III)-citrate and Fe(III)-NTA. From these structures
it is impossible to determine the oxidation state of the iron in either the hemes
or the associated iron chelates, but in all structures the irons appear hexacoor-
dinate, and we therefore assume these structures represent the oxidized form
of iron.
ACCESSION NUMBERS
The refined coordinates for each structure have been deposited to the Protein
Databank with accession numbers 3UCP (native UndA), 3UFH (Fe(III)-citrate
UndA), and 3UFK (Fe(III)-NTA UndA).
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Figure 6. Conformation of the Bound Fe(III)-Citrate
(A) Structure of the experimentally determined Fe(III)-citrate trimer. The three iron atoms are displayed as large spheres colored red, green, and blue. The citrate
molecules are displayed as sticks with carbons colored gray and the associated water and oxo-bridge displayed as small red spheres.
(B) Schematic representation of the structural organization of the Fe(III)-citrate trimer associated with UndA. Iron atoms are colored according to the corre-
sponding iron atom in (A). Bonds are colored according to originating iron atom.
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